Structural study of orbital-ordered manganite thin films has been conducted using synchrotron radiation, and a ground state electronic phase diagram is made. The lattice parameters of four manganite thin films, Nd 0.5 Sr 0.5 MnO 3 (NSMO) or Pr 0.5 Sr 0.5 MnO 3 (PSMO) on (011) 2
I. INTRODUCTION
Perovskite manganese oxides have attracted considerable interest because of their various electronic states given by the complex combination of spin, charge, orbital, and lattice degrees of freedom. 1 The idea of orbital physics, which treats the relation between the orbital degree of freedom and the material property, influences a wide range of solid state physics 2, 3, 4, 5 . Since the orbitals in manganites are strongly coupled with the lattice, structural studies are vital to elucidate the physical properties of manganites.
The thin film technique is a method for applying huge biaxial pressure to material samples. Since anisotropic pressure has a dominant influence on the orbital state, this technique is useful to study the orbital state in manganites with a perturbation through the lattice.
Reference [6] reports that the biaxial strain caused by perovskite (001) substrates allows control of the ferro-orbital order (ferro-OO) structure in manganites. This example shows the intimate coupling between the orbital and the lattice. The strong coupling that allows control of the ferro-OO state, however, prohibits realizing antiferro-OO manganite films or films having a first-order metal-insulator transition that involves a change in symmetry.
7,8,9,10
Thin films having a clear metal-insulator transition have recently been obtained by changing the orientation of the substrate from (001) to (011), 11, 12 and our previous report 13 showed that one of such films has an antiferro-OO state. Manganite thin film on a (011) substrate is not a carbon copy of bulk manganite, but carries a new physics of its own, such as new type of colossal magnetoresistance 14 and a photo-induced reversible phase transition 15 . Microscopic study such as diffraction measurement is indispensable to clarifying the key factors of the system's unique properties.
In this paper, the results of a structural study of four manganite thin films, 16 an orbital arrangement that cannot be derived from the MnO 6 distortion, the mode of the distortion still provides a lot of information about the orbital as the Q-space that can be measured by L-edge RXS measurements is small.
The physical properties of bulk NSMO and PSMO was reported in refs. [17, 18] . The CE- substrates. The resistivities of the films as functions of temperature 11 are also shown. There are two insulating phases, i.e., a phase with a small A-site ion (Ins1) and that with a large A-site ion (Ins2), and one ferromagnetic metal phase (FM).
type antiferromagnetic phase and relevant orbital ordered phase (CE-OO) appears only in a narrow region of hole concentration around half-doping in NSMO system, while half-doped PSMO system shows A-type antiferromagnetic phase. We thus expect different electronic structures would be observed also in NSMO films and PSMO films. The properties of the four films together with the solid solution of NSMO and PSMO 11 and a tentative ground state phase diagram are presented in Fig. 1 . There are two insulating phases, a phase with a small A-site ion (Ins1) and that with a large A-site ion (Ins2), separated by a ferromagnetic metallic phase (FM). The result of our microscopic study clarifies the electronic structures of the two insulating phases. Moreover, it also shows how the strain affects the electronic states.
Here we summarize the properties of the films we measured. 
II. EXPERIMENT
Epitaxial films were grown using the pulsed laser deposition method 11, 12 . The typical thickness of each of the samples was 80 nm. The electronic property of the films was characterized by measuring optical transmittance spectra in the energy region of 0.25eV to 0.8eV. Infrared (IR) light from an IR lamp was monochromatized with a grating and linearly polarized in the [011] direction. The transmittance of the film was obtained by dividing the transmitted intensity of the sample by that for a bare substrate. The difference in the reflectance between the two is small and structureless so that it was ignored.
X-ray diffraction experiments were carried out on the BL-4C and the BL-16A2 at the Photon Factory, KEK, Japan and on the X22C at the National Synchrotron Light Source, Brookhaven National Laboratory. The beamlines are equipped with standard four-circle diffractometers connected to closed-cycle refrigerators. The temperature dependence of the lattice parameters was measured for all the samples with x-rays having energies of 16keV, 9.5keV, or 6.5keV. Superlattice reflections were searched with x-rays having those energies, and their energy spectra were also measured around the Nd, Pr, and Mn absorption edges.
III. RESULTS AND ANALYSIS

A. Optical Transmission Spectra
First, we characterized the electronic states of the samples by measuring IR transmittance spectra. Figure 2 shows the results measured at room temperature and those at low temperatures (lower than 30 K). At room temperature, all of the four spectra show insulating behavior, i.e., decreasing transmittance with increasing photon energy. Since all the films have a paramagnetic insulating phase at room temperature 11 , these spectra agree with the DC resistivity. At low temperatures, the spectrum for PSMO/STO has a metallic character ) were observed at all the temperatures we measured, while the others were observed only at low temperatures. It should be noted that the bulk NSMO with GdFeO 3 -type lattice modulation has reflections having q m =(00
) and ( ).
This implies that the mode of the lattice modulation of the film in the high-temperature phase is similar to La 0.6 Sr 0.4 MnO 3 film on (001)-surface of SrTiO 3 19 . The intensity of the (002) Bragg reflection of the low-temperature phase and that of the ( ) superlattice reflection intensity as functions of temperature are shown in Fig. 3 
superstructure disappears at 150 K (= T AF-OO ) during the heating run. This transition temperature is significantly lower than T MI at which the lattice parameters b and c split.
Since our previous report analyzed the orbital order structure based on data with no 0), the structure must be reexamined. Take the two possible OO structures in this film shown in Fig. 4 , the CE-OO and anti-phase-OO (AP-OO) proposed in our previous paper 13 , for example. Throughout this paper, we assume that the distortion of MnO 6 octahedra from the shape in the ferromagnetic metal phase, in which the orbital state is disordered, reflects the anisotropy of the e g electrons. The anisotropic otcahedra displace neighboring Mn ions as shown in the figure 20 . Consequently, the wavevector of the Mn displacements in the transverse mode reflects that of the orbital order. In order to clarify the mode of Mn displacements, Mn K-edge RXS measurement, which is a useful method to obtain a lattice distortion around a specific element 19 , was employed. Figure 5 shows the energy spectra of several superlattice reflection intensities. A striking feature in these spectra is the lack of an intensity anomaly at the Mn K-edge in the spectrum of ( As can be seen in Fig. 1 and ref. [11] , this film has no low-temperature insulating phase. Figure 8 shows the temperature dependence of the lattice parameters of this film. No anomaly can be seen in this figure. We also searched for the superlattice reflections, and no superstructure was found. This result shows that the entire film was in the metallic phase down to 10K, and no different phases coexisted. This film has an insulating phase below 126K (94K) in a heating (cooling) run.
11 Figure 9 shows the temperature dependence of the lattice parameters in a heating run. The transition temperature is between 120K and 130K, which corresponds to the metal insulator transition.
The jump in the lattice parameters on a cooling run happens at 30K lower than heating run, the same width of the hysteresis observed in the resistivity measurements. Therefore, the lattice parameter splitting is accompanied by the insulating phase and no phase-coexistence happens in this film. The lattice parameters a, b, and c are very close to each other in the high-temperature phase. In the low-temperature phase, the three parameters differ widely from each other.
We found no superlattice reflections at 20K at positions characterized by the wavevectors change is demonstrated in films only when they are formed on (011) substrates 11, 12 . It is instructive to discuss the reason why this is the case before proceeding with a discussion of the structure. In the bulk NSMO, the changes in the lattice constants at the ferromagnetic transition are less than 0.2% 17 . In contrast, those at the CE-OO transition amount to 1.4%, while the volumetric change is 0.1% 17, 23 . The volumetric change δV = i u ii (u ij : strain tensor fixed to the cube axes) obviously requires very much energy and is not favored under any circumstances. Especially in the film system, the volumetric change at the transition temperature was less than the experimental error, 0.03%. This is because of the large value of the diagonal element of the strain tensor σ ii caused by the substrate and the thermodynamical relation ∂F/∂u ij = σ ij where F denotes the free energy. Therefore, in this section, we assume the δV is forced to zero. Meanwhile, due to the Jahn-Teller (JT) instability of 1/4 filled e g orbitals, particular types of lattice distortion can happen spontaneously, the so-called JT distortion modes (q 2 and q 3 modes in Fig. 10 ). The collective JT distortion is the driving force for the charge-and orbital-ordering.
For a film grown on a (001) substrate, the constraint u 11 = u 22 = 0 automatically imposes u 33 = 0. The distortion of the type u 13 is not prevented but the q 2 component is secondorder in u 13 under the condition u 11 = u 22 = u 33 = 0 and does not couple to the JT mode.
On the other hand, for a film grown on a (011) substrate, the deformation constraints due to the substrate are u 11 = 0 and u 23 = 0, where the former is the constraint from the substrate itself, and the latter is derived from the constraint u 22 + u 33 − 2u 23 = 0 and δV = u 11 + u 22 + u 33 = 0. The shear deformation u 22 = −u 33 = δ (δ denotes a finite value)
is allowed because the value of δV caused by this strain is zero, and the q 2 mode is linear in this distortion. Thus, the transition from the isotropic metallic phase to the chargeand orbital-ordered phase can proceed in the film without any barrier once the collective JT distortion has lower energy. The shear mode deformation in the [011] direction changes the system from metallic to charge-ordered. This mode of structural fluctuation was found in NSMO/LSAT which has both a CE-OO structure and semi-metallic transmittance; the structural fluctuation perhaps makes the system partially metallic.
Many phase transitions to the CE-OO state in the bulk are dominated by the q 2 mode, hence the good coincidence between the bulk and film MI transition. However, it should be commented that the q 3 mode is not allowed in films and this constraint brings about a phase sequence unique to thin films as shown in the next section.
B. Phase Diagram
The results show that the NSMO films have CE-OO, PSMO/STO has metallic, and PSMO/LSAT has A/C ferro-OO phases as their ground states. It is clear that the tolerance factor alone, which is widely used for bulk manganites, is not sufficient to characterize the for the films on (001) substrates 6 which is dominated by the anisotropic pressure.
The calculated phase diagram for thin films on a (001) substrate is shown in Fig. 11 with gray shade, in which, for the sake of illustration, the variable c/a in the original word is translated into the A-site ion radius. For x = 0.5, this phase diagram shows the intermediate metallic phase together with small-ion A-OO phase and large-ion C-OO phase.
The similarity is more prominent when we recall that the CE-OO phase has A-OO as its higher temperature phase and that A/C ferro-OO has some C-OO components in the present study. Therefore, the strain from the substrate, which prohibits volumetric change as well as (001) substrates, the large effect of the strain on the films' electronic states is elucidated. The insulating phase discussed in ref. [14] , an insulating behavior ascribed to the low-dimensionality, was classified as an A/C ferro-OO phase with a more one-dimensional character. Moreover, the mode that allows the orbital ordering transition was found to be the in-plane atomic displacement along [011] direction.
